Understanding not just where organisms move but how they move is an important step towards integrating animal behaviour into landscape ecology. The three-dimensional landscape of a streambed provides an ideal setting for forging this integration because of the persuasive effects of flowing water. In this study, we experimentally examine the larval movement of the case-building caddisfly Agapetus boulderensis Milne, 1936 in response to two current velocities in each of five levels of contrasting habitat types (i.e., smooth patches that facilitate movement and thick algal patches that constrain movement). Detailed behavioural observations showed that larvae employed two distinctly different strategies of movement in different current velocities: faster crawling and slower pivoting. Our results suggest that individual decision-making between crawling and pivoting is related to the magnitude of current velocity across the streambed, and the frequency at which larvae employ these behaviours translates into differential movement rates and directions. Strong concordance between a conceptual model and our results supports the notion that the presence of structural "nonhabitat" patches at high current velocities may create areas of local flow interruption and refugia. This, in turn, plays an important role in eliciting either crawling or pivoting and in shaping patterns and directions of larval movement, and by extension resource acquisition.
Introduction
Understanding how landscape heterogeneity mediates animal movements has been the focus of considerable theoretical and empirical research in ecology. The fact that animal movements arise from fine-scale behavioural decisions made in response to environmental heterogeneity across many spatial and temporal scales highlights both the importance and the complexity of integrating behavioural and landscape approaches when studying animal movements (Lima and Zollner 1996) . Undertaking such an integrative approach provides a mechanistic understanding of how behavioural decisions made at fine spatial or temporal scales influence patterns and processes at broader spatial scales and higher levels of organization, and may provide important insight into the proximate causes of many ecological phenomena (Wiens et al. 1993; With and Crist 1996; Russell et al. 2003) . For example, a mechanistic, behavioural approach to studying movement in heterogeneous landscapes is considered both theoretically appealing and empirically necessary to assess the potential impacts of habitat loss for landscape management and conservation (e.g., Roitberg and Mangel 1997; Zollner and Lima 1999; Morales and Ellner 2002) . To date, however, few studies have attempted to link behaviour with features of the landscape to gain a mechanistic understanding of animal movement dynamics.
Landscape ecology has primarily focused on terrestrial systems, and in particular, the movements of insects in these systems have received considerable attention in the literature (e.g., Crist et al. 1992; Wiens et al. 1997; Loxdale and Lushai 1999; Jonsen and Taylor 2000; Goodwin and Fahrig 2002) . In contrast, relatively little emphasis has been placed on insect movements in aquatic landscapes, especially flowing water ecosystems (see review by Palmer et al. 1996; Bilton et al. 2001) . Given that the unidirectional movement of a viscous fluid medium in streams may more effectively link landscape elements than does air movement in terrestrial systems (Wiens 2002) , aquatic insects are ideal candidates to explore behaviour-landscape linkages. In recent years, aquatic researchers have begun to take the "land" out of landscape ecology through both theoretical and empirical work (e.g., Johnson and Gage 1997; Ward 1998; Fausch et al. 2002; Malmqvist 2002) , but these efforts have been applied largely at landscape or "riverscape" scales (i.e., hundreds of metres or more). Benthic insects, however, are less likely to perceive such coarse scales of stream patchiness and might respond more directly to finer scales of streambed heterogeneity (i.e., scale of metres or less) (Magan 1973) . Fine-scale considerations of stream habitat are more appropriately scaled to the perceptual range of insects and are therefore required for interpreting their movements (Wiens 1989) . At this scale, considerable heterogeneity exists in habitat structure between and within streambed elements, in highly variable, near-bed current dynamics (Pringle et al. 1988; Statzner et al. 1988; Davis and Barmuta 1989; Poff and Ward 1992) , and in biotic structuring, such as insect retreat-building (Cardinale et al. 2004 ) and grazing (Sarnelle et al. 1993) . From an insect's perspective, this heterogeneous benthic landscape represents a three-dimensional mosaic of both surface structure and flow conditions, which can influence the connectivity or permeability of the landscape (sensu Taylor et al. 1993 ) to movement (e.g., Lancaster 1999), foraging activities (e.g., Hart and Resh 1980; Poff and Ward 1992) , and colonization (Palmer et al. 2000) of benthic insects. Such investigations, therefore, provide an excellent opportunity to examine mechanistic relationships between environmental heterogeneity and benthic insect behaviour, and can advance our functional understanding of how population dispersal emerges from the interaction between animal movement dynamics and features of the environment.
In this study, we experimentally examine the movement dynamics of an abundant algivorous insect (Agapetus boulderensis Milne, 1936; Trichoptera: Glossosomatidae) in the benthic landscape in response to varying levels of current velocity and proportions of two contrasting habitat types: smooth patches that facilitate movement versus thick algal patches that limit movement. We conduct detailed behavioural observations to explore how individual decisionmaking between alternative movement strategies (crawling vs. pivoting) is influenced by near-bed current velocity, and how this flow-mediated behaviour interacts with habitat structure to ultimately shape movement rates and directionality across benthic landscapes. We present a conceptual model that maps A. boulderensis behaviour as a function of structural and hydraulic elements of the benthic landscape and compare these predictions to our empirical findings. Ultimately, our goal is to employ a mechanistically based approach to gain a functional understanding of the movement dynamics of an important benthic grazing insect in highly structured benthic landscapes. More generally, we highlight the importance of incorporating individual behaviour into landscape studies of animal movement (Olden et al. 2004 ).
Materials and methods

Life history and natural habitat of A. boulderensis
Agapetus boulderensis is a mobile herbivorous caddisfly ( Fig. 1 ) that inhabits streams of western North America. Agapetus boulderensis larvae (hereinafter referred to as Agapetus), or more generally members of the family Glossosomatidae, hatch in late spring, grow through five instars over the next 3 months, enter the pupal stage, and emerge relatively synchronously over a period of approximately 1 month. At each ecdysis, larvae construct and occupy hemispherical cases composed of sand grains cemented together with silk (Cianficconi et al. 1993 ). These cases contain two ventral openings that are located along the major Fig. 1 . Agapetus boulderensis inhabiting its natural benthic landscape. Retreats of the larvae of the chironomid Pagastia partica (bottom right panel) are one of the primary sources of fine-scale heterogeneity in the Upper Colorado River system and represent high-profile structure elements that are separated by smooth areas containing low-profile algae and diatom mats (top panel). Mineral cases of glossomatids contain two ventral openings located along the major axis; the larvae extend their thoracic legs and anal claws through these openings to grasp the substrate while moving and feeding on the surface of substrates (bottom left panel). Scale refers to all three panels. Photographs courtesey of J.B. Monroe. axis through which the larvae extend their thoracic legs and anal claws to grasp the substrate while moving and grazing algae.
The study was conducted adjacent to the Upper Colorado River, Colorado (40°11′N, 105°52′W) at an elevation of 2420 m. Throughout this reach Agapetus larvae inhabit the sunlit surfaces of cobbles and boulders, which are embedded within a gravel and sand sublayer, and exhibit preferences for current velocities between 5 and 30 cm·s -1 (Wellnitz et al. 2001) . Individuals move relatively slowly over cobble surfaces (on the order of cm·min -1 ), and previous research has shown that movement direction and speed are influenced by food density (diatom) and local current velocity, which can be quite heterogeneous within and among streambed stones (Poff and Ward 1992) . Another source of fine-scale heterogeneity at this study site is the larval retreats of the midge Pagastia partica (Roback, 1957) (Diptera: Chironomidae; hereinafter referred to as Pagastia). Pagastia weave silken retreats that are colonized by filamentous algae and represent relatively high-profile structural elements (x area = 147 ± 76 mm 2 , x height = 3.0 ± 1.0 mm; n = 45) that vary in density on stone surfaces (x = 37.0 ± 35.6 retreats·m -2 ; n = 45). These retreats are effective barriers to Agapetus movement (although they contain epiphytic diatom food; see below), and the spaces between the retreats are typically dominated by low-profile matrix of algae and diatoms upon which Agapetus larvae can readily move and forage.
Experimental design
From 15 July to 9 August 2001, we conducted movement experiments on artificial arenas placed in a streamside channel (185 cm × 60 cm × 10 cm; Fig. 2, top) . The arena consisted of a 40.6 cm × 40.6 cm frame upon which 196 unglazed porcelain tiles (each 2.54 cm × 2.54 cm) were arranged into a square matrix consisting of 14 rows and 14 columns (Fig. 2, bottom) . The size of the experimental arena provided a good approximation of the average photosynthetic surface area on streambed stones (Monroe 2002) and encompasses the potential daily range of Agapetus movements (Poff and Ward 1992) . The streamside channel received water directly from the Upper Colorado River and current velocity was controlled using six evenly spaced hoses that discharged water at equal rates to ensure consistent velocities (Fig. 2, top) . Water temperature was measured for each observational period using a Thermochron iButton ® (Dallas Semiconductor Corporation, Dallas, Texas) that recorded temperatures every 15 min in the experimental channel over the entire study period. Water in the experimental channel was aerated at all times and temperature did not vary from that of the adjacent natural stream.
Guided by the observation that Agapetus larvae traverse substrates covered by a matrix of diatom patches and Pagastia retreats in natural benthic landscapes, we used the porcelain tiles to create two patch types that mimic the form, size, and complexity of these habitats. Some porcelain tiles were cultured in flow-through channels in the stream at a current velocity of 70 cm·s -1 to produce uniform, low-profile algal mats. These tiles represent habitat patches for Agapetus larvae because they provide a good medium for both movement and potential foraging (Scott 1958; Poff and Ward 1992; Becker 2001 ). Hereinafter, we call these "smooth patches". The remaining tiles were placed in an experimental streamside channel under slow velocities, after which we added hundreds of retreat-building Pagastia larvae collected from the adjacent stream. The larvae wove silken retreats that were colonized by thick filamentous algae, which were similar in both appearance and size to those in the stream. We consider these high-profile structural elements to be "nonhabitat" patches for Agapetus because they impede larval movement (Monroe 2002) . Hereinafter, we call these "Pagastia patches".
Agapetus behaviour and movement experiments
Before the experiment, we conducted a series of pilot studies in the experimental arenas and made detailed observations of Agapetus larvae on the Upper Colorado River streambed. From this work we found that Agapetus larvae appeared to employ two distinctly different modes of movement in different current velocities. Based on this observation, we qualitatively observed and systematically documented the two movement behaviours during the streamside study. We also made ventral observations of Agapetus larval movement in a Plexiglas™ flume and examined several hours of digital video taken in the experimental channel and on the streambed.
We conducted a 2 × 2 factorial design experiment to examine the effects of habitat availability and current velocity on the behaviour and movement dynamics of Agapetus larvae. Two random arrangements of the experimental arenas were examined for each of five treatment levels of habitat (i.e., h = 0.2, 0.4, 0.6, 0.8, 1.0 where h is the proportion of smooth habitat patches or tiles; Fig. 2 , bottom) and two treatment levels of current velocity (i.e., low velocity at 5-15 cm·s -1 and high velocity at 20-30 cm·s -1 ). These treatments were based on in-stream surveys of Pagastia retreat proportions on the streambed (Monroe 2002) and Agapetus flow preferences and range of velocity commonly experienced by larvae on the streambed (Wellnitz et al. 2001 ). To ensure a uniform flow field, current velocity was measured across the entire experimental arena at nine evenly spaced locations using a Schiltknecht current probe (Schiltknecht Messtechnik AG, Zurich, Switzerland), which provided an integrated measure of velocity between 0 and 10 mm from the channel bottom.
Experimental animals were fifth instar (i.e., mature) Agapetus larvae that were collected from the streambed minutes prior to performing a movement trial. Similarly sized Agapetus larvae (case dimensions: x length = 4.5 ± 0.4 mm, x width = 3.0 ± 0.5 mm, x height = 2.2 ± 0.4 mm; n = 80) were chosen to control for size-dependent movement rates that had been observed for other caddisfly larvae (e.g., Hart and Resh 1980) . Individuals were carefully removed from the streambed and placed at the centre of the experimental arena using a soft-bristled paintbrush. We observed the movement and behaviour of 10 Agapetus larvae for each treatment combination of five h levels, two current velocities, and two replicates of the experimental arena (i.e., two different random tile arrangements for a given h level). In addition, night observations were made for 10 individuals for h = 1.0 (i.e., all smooth patches) in each of the current velocity treatments and two replicate arenas using infrared light. J.D. Olden or A.L. Hoffman observed the movement pathway of each of the 240 larvae for a total of 60 min and recorded the spatial position of the individual in the arena (i.e., x and y coordinates) every 3 min on a recording map. Spatial coordinates were taken for the entire hour or until the individual left the arena via crawling or accidental dislodgment. Note that a total of 0 and 12 larvae left the arena during the experiment in high and low current velocity treatments, respectively, and that at any time only one individual occupied an experimental arena. The temporal scale of measurement intervals was based on a series of preliminary experiments and was chosen to reflect the time scale of Agapetus movement. Each individual was observed for only one movement pathway (60 min in total) and was then preserved in 5% formalin to measure case dimensions.
Our experiments accounted for the influence of food resources on Agapetus larval movement (Poff and Ward 1992) in two ways. First, we compared algal ash-free dry mass (AFDM) and algal species composition from scraped smooth and Pagastia patches prior to the commencement of the experiments. AFDM of Pagastia tiles was an order of magnitude greater than smooth tiles (x Pagastia = 2.68 mg · cm -2 vs. x smooth = 0.22 mg·cm -2 ; n = 4), whereas both tile types contained high concentrations of diatoms, including Cocconeis placentula Ehrenb., that were preferentially consumed by Agapetus larvae (Poff and Ward 1992) . These results support the structural differences and food similarities of the two patch types, and emphasis that the tile types differed only in that the Pagastia patches contained extensive filamentous algae which are unsuitable for movement. Second, smooth and Pagastia tiles were replaced at the completion of each experiment (i.e., a single combination of h levels and current velocity), and therefore, were used for only 1 day after the AFDM and algal composition analyses were performed. Because AFDM has been shown not to diverge in different current velocities for up to 3 days in an experimental setting (Poff et al. 2003) , we are ensured that our current velocity treatments are not confounded by differences in food resources.
Movement metrics and statistical analyses
The x and y coordinates for each larva were spatially referenced by digitizing the recording map in ArcView ® version 3.2a (Environmental Systems Research Institute, Inc. 2000) . Independence tests of successive observations for each individual's movement pathway were conducted following Swihart and Slade (1985) and revealed that only 9 individuals (out of a total of 240) exhibited independence between their successive positions. Therefore, we calculated second-order statistics (i.e., individual insects as replicates and not steps within an individual pathway) of the following movement metrics using the appropriate mathematical protocols for angular data (following Batschelet 1981; Zar 1996) . Movement rate was calculated as the sum of the distances traveled for each time-step divided by the total time of the pathway; mean angle of direction (ϕ); angular variance; and mean vector length (r) was calculated as a unit measure of concentration (i.e., dispersion) of turning angles and was used to describe the degree of tortuosity in the movement path of an individual. It is defined as [(sin θ)
where θ is the turning angle between successive time intervals. A value of 0.0 represents random dispersion of turning angles between successive steps and 1.0 represents a perfectly straight line. Analysis of covariance (ANCOVA) was used to test for smooth patch proportion (five h levels), current velocity (two levels), and replicate arena effects (two levels) on movement rate with water temperature as a covariate. Where significant effects were observed, differences among treatment-factor combinations were tested using post hoc Tukey's honest significant difference (HSD) tests (α = 0.05). Data were found to meet the underlying assumptions of normality and homogeneity of variances (Zar 1996) ; therefore, the raw data were used in all analyses. Rayleigh's test for circular uniformity (Batschelet 1981 ) was used to assess whether the distribution of mean angles of direction (i.e., angular variance) departed from uniformity (in which movements occur in all directions with equal frequency), and the Rayleigh's V test was conducted to determine whether the mean angle of direction significantly differed from the direction of flow. Watson's two-sample test of homogeneity (Batschelet 1981) was conducted to test for differences between mean angle of direction for pairwise combinations of h and current velocity treatments. All circular statistics were performed using computer macros written by the authors in the MatLab ® programming language.
Results
Landscape-induced decision-making between alternative movement behaviours
During the course of the study, we found that Agapetus larvae exclusively employed two general movement strategies: crawling and pivoting. Our results suggest that the individual decision-making between the two behaviours is likely related to the magnitude of the current velocity and the associated shearing force that a larva experiences as it moves across the streambed. Here, we briefly describe and illustrate the sequential mechanics of these behaviours given that the frequency of crawling or pivoting ultimately translates into differential rates and directions of larval movement across the landscape. Moreover, discussing the mechanics of the different movement behaviours is needed to gain a more functional understanding of landscape connectivity to individual movement.
Crawling individuals used their three pairs of thoracic legs to grasp the substrate and drag themselves and their case. Crawling was the only movement strategy in low current velocity treatments, whereas both crawling and pivoting was used in high current velocity treatments. Crawling is the faster locomotion strategy and likely represents an energetic and time-efficient strategy for movement. By contrast, Agapetus larvae employed the slower pivoting strategy for movement when subjected to high current velocities and high proportions of smooth patches. Individuals in high current velocity and h = 1.0 (i.e., all smooth tiles) treatments pivoted in 69.6% of the movement steps, whereas individuals in low current velocities and h = 1.0 crawled in 100% of the movement steps (n = 10). Furthermore, we qualitatively observed that the frequency of pivoting increased with h levels, which was presumably related to the lack of near-bed flow refugia associated with the occurrence of Pagastia tiles. Published studies that have observed movement of Agapetus larvae have never reported pivoting behaviour (e.g., Poff and Ward 1992; Becker 2001) ; however, it apparently has been observed for a confamilial species Glossosoma nigrior Banks, 1911 (S. Kohler, personal communication) . For this reason, we provide the first published account of the pivoting mechanism (Fig. 3) .
Pivoting begins with an Agapetus larva oriented in the upstream direction and with the individual maintaining its position (i.e., opposing the erosive shear stress exerted by flowing water) using the claws of its thoracic legs extended through the upstream ventral opening and stabilizing its position using the claws of the anal prolegs extended through the down-stream ventral opening (Fig. 3, frame 1 ). Our observations suggest that the larva deposits silk (from a gland on the tip of the labium) in a thin strip between the case and substrate, thus anchoring the upstream edge of the case to the substrate (Fig. 3, frame 1A ). With the upstream edge of the case anchored, the larva no longer has to maintain its position by grasping the substrate, and it rotates 180°inside its case, extending its head and thoracic legs through the downstream ventral opening (Fig. 3, frame 1B) . Note that the larva reverses its position within its case easily and does not distinguish between the front and rear of the symmetrical case (Wiggins 1996) . The larva then grasps the substrate with its thoracic legs and begins to rotate its case broadside into the current, using the upstream silk anchor as a pivot. During this time the larva is often greatly extended outside its case and is observed to struggle considerably against the force of flowing water. After rotating its case ca. 180°, the case is positioned parallel to the flow with the silk anchor now being located on the downstream edge of the case (Fig. 3,  frame 2 ). Grasping the substrate with its thoracic legs, the larva again deposits silk from its labium to anchor the upstream edge of the case to the substrate (Fig. 3, frame 3A) . The larva again rotates 180°inside the case (Fig. 3 , frame 3B) and apparently uses the blades of its mandibles to shear the downstream anchor, thereby detaching the downstream edge of the case from the substrate (Fig. 3, frame 3C ). Now having an upstream anchor, the larva extends its head and thoracic legs from the downstream opening and again actively pivots. The above sequence of events collectively comprises a forward pivot, which results in the larva gaining exactly one body length in the upstream direction. We also observed Agapetus larvae pivoting 90°, which resulted in lateral and backward movements (often after failing a forward pivot). A Quicktime™ video of the pivoting behaviour both in the experimental channel and on the streambed is available by contacting J.D. Olden or N.L. Poff. We did not use microscopic techniques (e.g., analytical transmission electron microscopy) to verify the presence of silk anchors. However, our extensive observations strongly support the use of silk by providing a parsimonious explanation for the ability of individuals to rotate in fast flows (while the larvae greatly extend outside their case and anal prolegs are not grasping the substrate), given the high erosive force of the water and the lack of available algal and mineral structure for grasping.
Movement dynamics in experimental benthic landscapes
The arena replicate effect was not significant (P > 0.8); therefore, we used an ANCOVA model where movement pathways were pooled across the two replicates. The final ANCOVA model explained 40.5% of the variance in Agapetus movement rate. Significant treatment effects were found for the proportion of smooth patches (F [4, 189] = 8.70, P < 0.0001), current velocity (F [1, 189] = 62.53, P < 0.0001), and their interaction for Agapetus movement rate (F [4, 189] = 7.76, P < 0.0001); each explaining 11.0%, 19.7%, and 9.8% of the variance in movement rates, respectively. Movement rate was higher in low current velocity treatments and generally increased with the proportion of smooth patches, but movement rate showed no such relationship under high current velocity (Fig. 4) . Post hoc Tukey's HSD tests (α = 0.05) showed a significantly faster rate of movement in low current velocity and h = 1.0 versus all other treatment combinations. Significant differences were also found between the following combinations of low (first value) and high (second value) current velocities: h = 0.6 > 0.4, h = 0.8 > 0.4, h = 0.6 > 0.6, and h = 0.8 > 0.6. Movement rates were significantly higher during daylight hours than during the night for both low current velocity (t [1, 38] = 4.47, P < 0.0001) and high current velocity (t [1, 38] = 4.46, P < 0.0001) (Fig. 4) .
To test whether Agapetus movement rate was independent of the direction of travel, we examined the relationship be- tween upstream homing and movement rate. Upstream homing ranges from -1, which represents no directional movement, to +1, which represents complete directional movement (see Batschelet 1981) . We examined 80 pathways (data combined across flow treatments and time of day) for arenas containing only smooth patches (i.e., h = 1.0) to remove the confounding effect of the proportion of habitat. We found movement rate to be negatively correlated to upstream homing (r = -0.226, P = 0.045), indicating that more directional movement into the oncoming flow was associated with slower movement rates; a result that was consistent with the behavioural switch from crawling to pivoting movement under higher velocities. Angular data were used to construct circular histograms that depict the mean and frequency of movement directions under different proportions of smooth patches, levels of current velocity, and time of day (Fig. 5, Table 1 ). Results from Rayleigh's test of uniformity and V test revealed that the distribution of movement angles for Agapetus larvae was significantly nonuniform (i.e., exhibited directionality) and significantly directional into flow (i.e., upstream homing) for h < 0.6 under low current velocity and for h > 0.2 under high current velocity (Table 1) . Based on Watson's twosample test of homogeneity, we found that the mean angle of movement in low and high current velocities for both day and night was significantly different only for h = 1.0 (Fig. 5 ). Under low current velocity, directional movement in landscapes with h = 0.4 significantly differed from other landscapes, whereas under high current velocity the same was evident for h = 0.2 (Fig. 5) .
Discussion
Asking not just where organisms move but how they move provides a more complete understanding of the pattern and process of animal movements by integrating both behavioural and landscape approaches. Gaining such knowledge provides important insight into mechanisms underlying numerous key behavioural processes, such as animal dispersal (Jonsen and Taylor 2000) and foraging search strategies (Zollner and Lima 1999) , which ultimately scale-up to shape species distributions (With and Crist 1996; Roitberg and Mangel 1997) . Studies examining the relationship between fine-scale insect movement behaviours and landscape patchiness are rare and are limited to terrestrial ecosystems (e.g., Crist et al. 1992; Wiens et al. 1997; Jonsen and Taylor 2000; Goodwin and Fahrig 2002) . Consequently, the importance of these relationships in running-water environments is poorly known, as are the specific mechanisms by which insect distributions are manifested on the streambed.
This study attempted to gain insights into the aforementioned questions by examining the movement mechanics (i.e., how) and movement patterns (i.e., where) of an aquatic insect larva (A. boulderensis) in response to habitat structure and current velocity in a heterogeneous benthic landscape. Our study suggests that individual decision-making between the crawling and pivoting strategies is related to the magnitude of current velocity across the streambed (presumably associated with the shearing force that a larva experiences), which subsequently translates into differential rates and directions of movement. These results are also supported by instream observational studies showing that Agapetus larvae exhibit lower rates of movement and increase directionality on smooth substrate surfaces under high current velocities, a condition common on natural substrates in the Upper Colorado River (e.g., Poff and Ward 1992 ; J.D. Olden, A.L. Hoffman, J.B. Monroe, and N.L. Poff, unpublished data). Lower movement rates were also seen in areas of preferred algae (Poff and Ward 1992) , indicating the importance of food resources in shaping Agapetus movement. These studies support and complement our present results and contribute to a more comprehensive understanding of the movement of this insect.
We expect that faster crawling behaviour is advantageous for Agapetus larvae (and grazers in general) that move between algal patches and resting areas when foraging (e.g., Hart and Resh 1980; Hart 1981; Ward 1992, 1995) . The slower pivoting behaviour, in contrast, may afford larvae the ability to access profitable foraging patches on the streambed landscape that are exposed to or separated by physically harsh near-bed flow. These often occur on tops of rocks where flow forces are the greatest (Poff and Ward 1992) . The pivoting behaviour also provides an "exit strategy" from excessively stressful patches where individuals might otherwise suffer a potentially severe cost of displacement from a foraging area. Pivoting behaviour, however, is not without a number of ecological costs. Perhaps the greatest cost of pivoting is the presumed extensive use of silk, which is energetically expensive to produce and potentially limits the amount of energy available for growth or other biological processes (see Otto 1974; Smart 1976) . Ultimately, pivoting behaviour allows larvae greater access to the streambed landscape and its resources, and thus appears highly adaptive.
A conceptual model for insect movement in benthic landscapes
Habitat heterogeneity and near-bed current velocities affect the behaviour, resource use, and energetics of insects (Hart and Resh 1980; Hart 1981; Kohler 1984; Poff and Ward 1992; Palmer 1995; Hart et al. 1996) , and thus play important roles in determining the spatial distribution, abundance, and community structure of benthic macroinvertebrates in streams (Hart and Finelli 1999) . The movement Fig. 5 . Circular histograms illustrating the frequency of A. boulderensis larval movement directions for combinations of different proportions of habitat patches, current velocities, and time of day. Flow prevails from 0°(i.e., traveling from the top to the bottom of the figure) , and each broken circle from the centre represents two individuals. Mean angle of movement is represented by the vector originating from the centre of the histogram and the 95% confidence interval is attached to the mean vector. Letters represent smooth habitat -current velocity treatments, whose mean angles significantly differ for low current velocity (lowercase) and high current velocity (uppercase), and asterisks represent mean angles that significantly differ between low and high current velocity for a particular proportion of habitat. Statistical significance is based on Watson's two-sample test of homogeneity.
paths of individual insects provide a mechanistic expression of behavioural responses to environmental heterogeneity that affect many of these processes, including foraging activities and population dynamics of mobile grazers. Our study suggests that the crawling and pivoting behaviours provide complementary strategies for moving through highly heterogeneous benthic landscapes and utilizing patchily distributed resources. Here we present a conceptual model to interpret and explain movement patterns of Agapetus larvae in different structural and hydraulic landscape contexts.
The modeled landscape includes a structural layer and a hydraulic layer, both of which are simplified into functional patch categories (Fig. 6, layer 1) . As in our experiments, the structural layer consists of structured nonhabitat patches (black cells), such as Pagastia retreats or moss patches, and unstructured habitat patches (non-black cells, i.e., white and gray cells). The hydraulic layer consists of both slow flow areas (located along the diagonal of the landscapes in Fig. 6 ) and fast flow areas (located in the two corners of the landscapes in Fig. 6 ), and it interacts with the structural layer to produce patches of slow and fast near-bed current velocity. In fast flow areas, nonhabitat patches interrupt the flow field and create patches of slow near-bed current velocity via the shielding effect of the structural element (white cells). Flow- Note: Twenty replicate pathways (pooled across two replicates of landscapes for each treatment; see Results) were used. Reported values are mean (ϕ) and standard deviation (SD) in angle of movement, mean vector length (MVL), and P values from testing uniformity of mean angles (H 0 = uniformity) and testing whether the population mean angle differs from the direction of flow (i.e., 0°or 360°) (H 0 = homing) based on Rayleigh's test of uniformity and V test, respectively. P values in boldfaced type indicate statistical significance at α = 0.05. Table 1 . Directional statistics of Agapetus boulderensis larval movement as a function of the proportion of smooth habitat (h = 0.2, 0.4, 0.6, 0.8, 1.0) and current velocity (low = 5-15 cm·s -1 ; high = 20-30 cm·s -1 ), in addition to time of day comparison for h = 1.0.
Fig. 6.
A conceptual model illustrating the structural/hydraulic (legend 1), behavioural (legend 2), and movement components (legend 3) of a hypothetical benthic landscape for A. boulderensis larvae. Patch proportions (p) and arrangements correspond to those in our experiments (see Fig. 2 , bottom panel). Flow travels from the top to the bottom of the figure. We consider patches that exhibit slow near-bed current velocity to be suitable crawling habitat (represented as white cells). These patches are located directly downstream from a high-profile structural element (represented as black cells) in high flow areas (located in the two corners of the landscape) as a result of the shielding effect of the structural element, as well as representing all patches in slow velocity areas (located along the diagonal of the landscape). Flow-shielding is considered to diminish downstream from the structural element in high current velocities, resulting in all subsequent patches being exposed to high near-bed flows, and thus only suitable for the pivoting movement (represented as gray cells). The proportion of the landscape suitable for crawling and pivoting behaviours changes as a function of h and near-bed current velocity (see text).
shielding is considered to diminish downstream from the structural element, resulting in all subsequent patches exhibiting high near-bed current velocities (gray cells). While this may seem a somewhat arbitrary designation, it is in fact an approximation based on our observations of current and sediment deposition in our experimental landscapes, as well as observations of insect movements on the streambed. In slow flow areas, all patches exhibit slow near-bed current velocities. Given these simplified, yet functionally based, landscape templates, we can incorporate the behavioural movement patterns observed in Agapetus larvae to derive an analogous layer of behaviour (Fig. 6, layer 2) . In this behavioural layer, slow near-bed current patches behaviourally equate to crawling patches, whereas fast near-bed current patches equate to pivoting patches (nonhabitat patches are obviously excluded). From these behavioural landscapes several important patterns emerge. One can see that for every incremental increase in h the patch proportion (p) available for pivoting in fast flow areas (i.e., the two corners) doubles as a result of decreased shielding by structural elements (0.08, 0.15, 0.31, 0.63, respectively), whereas the patch proportion available for crawling remains relatively constant (0.13, 0.22, 0.22, 0.18, respectively), excluding the landscape with p = 1.0 (Fig. 6 ). This results in the ratio of pivoting to crawling patches in fast flow areas switching from being crawlingdominated at low h level to being pivot-dominated at high p value. In contrast, in slow flow areas (i.e., the diagonal) the patch proportion available for crawling corresponds with the overall h level of the landscape (0.18, 0.40, 0.60, 0.80, respectively).
When we consider the intrinsic rates and directions of crawling and pivoting movements, a final movement layer is directly translated from the behavioural layer (Fig. 6, legend  3) . We find that patterns of change in the availability of habitat for crawling and pivoting movements, and thus rates of movement across the landscape, depicted in our model (Fig. 6 ) offers a mechanistic explanation for the results of our experiments (Fig. 4) . Movement rates of Agapetus larvae were shown to increase with the availability of smooth habitat patches (h) in slow current velocities, which agreed with the observed increase in available crawling habitat with increasing h levels in Fig. 6 . In high current velocities, movement rates showed no change with increasing p values, which similarly agreed with the observation that the proportion of crawling habitat also remained unchanged. These patterns illustrate the interactive nature of structural and hydraulic landscape elements and provide insight into the movement behaviours that we observed.
Our results suggest that without the pivoting behaviour, high near-bed current velocities would, in effect, result in the functional fragmentation of the benthic landscape. Because high-quality food patches (diatoms) are irregularly distributed and often on the apex of substrates (e.g., stone tops) where faster flows exist that tend to shear away unattached detritus or high profile filamentous algae which impede movement and grazing (Poff and Ward 1992; Poff et al. 2003) , the pivoting behaviour effectively increases the connectivity of the benthic landscape (sensu Taylor et al. 1993) . Interestingly, landscape connectivity is likely to increase with decreasing smooth habitat in fast current velocity conditions, an apparently counterintuitive observation if not for our behavioural understanding of Agapetus. Together, the strong concordance between our conceptual model and empirical results from our experiments highlights the importance of gaining a behavioural understanding of the benthic landscape. Undertaking such a behavioural approach would be an important addition to our current understanding of the effects of landscape structure on landscape connectivity (Goodwin and Fahrig 2003) .
In addition to the interpretive value of our model, we cite its more general heuristic value for exploring movement. Emphasized foremost in our model is the importance of functionally simplifying a landscape according to the behavioural characteristics of the focal animal. Also stressed is the importance of considering not only the characteristics of an occupied patch, but also those patches adjacent to it, which necessarily invokes the concept of patch context (sensu Forman 1995) . As such, both "habitat" and "nonhabitat" patches are likely to be context-dependent in that their influence on individual movement may vary depending on the magnitude of mediating environmental factors, such as current velocity across the streambed (Poff et al. 2003) . Consequently, the interpatch matrix does appear to matter (Ricketts 2001) in the sense that it is not homogeneous and can, in fact, also change in relation to larger, overarching environmental factors such as temperature or physical currents like wind and water flow. Schooley and Wiens (2003) recently provided evidence for this hypothesis when they illustrated the effects of wind on habitat connectivity for beetles in a terrestrial landscape. The fact that landscape connectivity is an important property, resulting from the interaction between animal movement behaviour and landscape structure, is of strong consequence to ecology and has important implications for studying and modeling animal movement (Olden et al. 2004 ).
In conclusion, the present study has illustrated the importance of individual behaviour for influencing the permeability or connectivity of the benthic landscape to Agapetus movement. Our investigation contributes a mechanistic understanding of insect movement in streams by examining how interactions between habitat availability and current velocity dictate the mechanics of movement, which subsequently translates into markedly different movement rates and directionality, rather than influencing the efficiency of the same mode of movement. More generally, our study provides strong evidence that the configuration and architecture of patches and their context in the benthic landscape may have significant effects on benthic insect behaviour and movement dynamics.
